Aiming at the existing defect of poor positioning accuracy in NLOS (Non Line of Sight) environment for most of the common indoor positioning algorithms, this paper proposes a precise indoor positioning algorithm using 60GHz pulse based on compressed sensing. The proposed algorithm converts the location of the target nodes in the area to be located into a sparse vector and designs the over-completed dictionary using TOA (Time of Arrival)-based ranging, then takes advantage of the l 1 -minimization to reconstruct the location of the target nodes. The algorithm divides the positioning process into coarse positioning and fine positioning, and introduces the reference node selection mechanism in fine positioning. The algorithm not only can achieve the positioning of single target, but also achieve the positioning of multiple targets. Through the theoretical analysis and experiment simulation results, we can conclude that the proposed algorithm using 60GHz pulse can achieve precise indoor positioning in NLOS environment and centimeter-level positioning precision can be obtained compared with TOA based 60GHz geometric positioning algorithm.
Introduction
Positioning technologies are in great demand in many applications such as navigation, production management and internet of things, especially the positioning accuracy which is demanded increasingly. However, the existing variety of indoor positioning technologies exist some shortcomings, for instance, low positioning accuracy and high complexity due to the effects of the multipath, NLOS propagation and the other factors in
The duration of 60GHz pulse is extremely short, usually about hundreds of picoseconds or shorter, which is far less than the delay of the multipath propagation. For this reason, the multipath signal at the receiving end can be separated effectively and a high time resolution and multipath resolution can be gained. These qualities make the 60GHz pulse can achieve centimeter-level even millimeter-level ranging and positioning accuracy which supplies an effective way of design and implement high-precision indoor positioning systems. In recent years, many foreign academic communities and enterprise alliances were opened for the research of the 60GHz pulse wireless communication technology. But the research is mainly focused on the design of transceiver [16, 18, 21] , the establishment of channel model [2, 9] , the standards the physical layer and MAC layer of communication [10] , the transceiver antenna beam shaping [12, 13, 26] and so on. Currently, the research of the 60GHz pulse positioning is still relatively deficient, and lack of an integral theoretical system. 60GHz pulse can achieve accurate positioning results in line-of-sight (LOS) environment depended on its high time resolution and multipath resolution. [20] completed the design and simulation of high-precision 60GHz pulse positioning system respectively from presenting a pulse waveform suitable for 60GHz pulse positioning, the process of pulse transmitting, channel transmission model, pulse receiving and positioning algorithm. It used the geometrical location algorithm based on TOA and least squares to complete the process of 60GHz pulse ranging and positioning process and can reach millimeter-level ranging accuracy and centimeter-level positioning accuracy in LOS channel. [15] designed a 40nm CMOS receiver and applied it to 60 GHz pulse positioning system. It avoided the significant power penalty caused by high-bandwidth and achieved a millimeter-level positioning accuracy within the range of 4m. However, the 60GHz pulse precise positioning still exists many problems and challenges. The large signal propagation attenuation, difficulty to penetrate obstructions and the relatively weak multipath effect make the 60GHz pulse precise ranging and positioning in NLOS extremely difficult. At present, only a small amount of literature realized 60GHz pulse indoor precise positioning in NLOS environment. [11] proposed MISO system based on TDOA (Time difference of Arrival). Unlike the conventional TDOA systems, the sending terminal can transmit two identical signals at the same time using two antennas and the receiving terminal can extract TDOA from the interference spectrum of the two signals to realize communication and positioning. In addition, it investigated the influence of NLOS on TDOA and positioning accuracy in different situations. [19] presented a fingerprinting based localization algorithm for 60GHz impulse radio positioning in NLOS. This algorithm made full use of the negative factors such as multipath and NLOS to construct the fingerprint database, and then measured the parameters of the received signal and used a matching algorithm to determine which group the received data belongs to and then used the information to estimate the position of the target node. The method can be applied to areas in which the multipath effects and NLOS propagation is more serious. It had a relatively higher accuracy compared with other targeting methods. But the disadvantage is the computational complexity and the poor adaptability to the environments. This shows that the existing 60GHz pulse indoor precise positioning algorithms have deficiency of low positioning accuracy, high complexity and so on. Thus, it is urgently to solve the problem of 60GHz pulse indoor precise location in NLOS.
Compressive sensing (CS) is a novel theory of message acquisition proposed in recent years that can reconstruct a sparse or compressible signal precisely use a small number of samples [4, 7] . For the target node locations are sparse compared with the whole area to be located which satisfied the application conditions of CS, we can utilize signal reconstruction algorithm to realize the target location. In recent years, there already exist many documents applied CS to target location question and achieved reasonably good positioning results [8, 14, 22] .
Based on the requirements of indoor positioning accuracy in NLOS and the characteristics of 60GHz pulse, combined with the emerging CS theory, this paper presents a new precise indoor positioning algorithm using 60GHz pulse based on CS which achieves the target node locations using signal reconstruction algorithm. Two positioning process [25] and the selection mechanism of reference stations are presented which reduce the calculation and the complexity of positioning compared with fingerprinting based localization algorithm. The centimeter-level positioning accuracy is achieved in NLOS.
The rest of the paper is organized as follows: Section 2 describes the 60GHz pulse positioning system model; Section 3 provides a detailed introduction of the localization algorithm in this paper; Section 4 reports our simulation results of single target localization and multi-target localization, analyzes it's positioning performance and compares it with geometric positioning algorithm based on TOA in positioning accuracy and Section 5 makes a conclusions of this study.
2. The mathematical model of positioning system using 60GHz pulse based on CS
The principle of positioning based on CS
For the position of each target node at any time in the area to be located is unique in the process of positioning, the position of the target node is relatively sparse compared with the entire area. This article converts the location of the K targets in the area to be located into a K -sparse column vector
T , where x n = 0 or 1 (1 ≤ n ≤ N ), when there is a target node in the n-th grid x n = 1,
CS theory indicates that: If the signal X ∈ R N is K -sparse, by using the measurement matrix Φ ∈ R M ×N (M N ) to make a linear transformation of the signal, the linear projection of the signal X under the observation of measurement matrix Φ can be obtained, namely:Y = ΦX. Candes et al. pointed out that [3] , if the number of measurement M met:
Then the signal can be reconstructed in high probability by solving l 0 -minimization problem:
However, the l 0 -minimization is a non-deterministic polynomial problem [5] . Chen, Donoho and Saunders pointed out that it can be solved more simply by l 1 -minimization to obtain the same result [6] . Therefore, the mathematical model of the target node localization problem can be expressed as the Equation (2.3):
Therefore, the problem of locating the K target node in the area to be located is transformed into the problem that taking advantage of the measurement column vector Y , the measurement matrix Φ and the k-sparse signal X ∈ R N to reconstruct the location of the K non-zero value in the sparse vector. Measurement column vector Y = [y 1 , y 2 , . . . , y M ] T , where, y m is the real distance between the target node and the m-th reference station based on TOA measured by transmitting 60GHz pulse signal at each target node, transporting by IEEE802.15.3c channel and receiving signal at the m-th reference station.
After the sparse vectorX is reconstructed through the reconstruction algorithm, the non-zero value of the sparse vectorX is corresponded to the position of the target node, then the localization of the target node is accomplished.
The design of the measurement matrix
The method of construct measurement matrixΦ ∈ R M ×N (M N ): The elements ϕ m,n in measurement matrix Φis the actual distance between the n-th grid node and the m-th reference station. At first, by transmitting 60GHz pulse signals at the n-th grid node and receiving signal at the m-th reference station we can obtain the propagation delay τ m,n based on TOA, then calculating the distance on basis of d m,n = c * τ m,n , we get ϕ m,n as shown in Equation (2.4):
The measurement matrix can be expressed as Equation (2.5):
Defining the sensing matrix A = ΦΨ. Since the signal X is k-sparse, we select a N × N unit matrix as the orthogonal basis Ψ. Candes and Tao presented and proved in [3] that a sufficient condition for reconstructing a sparse signal successfully by l 1 -minimization in CS theory was that the sensing matrix A = ΦΨ obeys restricted isometry property ( RIP ) in CS theory. [1] showed that if the measurement matrix Φ and the orthogonal basis Ψ is not related, the sensing matrix A obeys RIP in high probability. Therefore, we make an orthogonal operation to the measurement column vector as follows: Make Z = T Y , define T = QA † , where Q = orth(A T ) T and orth(A) represents an orthonormal operation for the matrix A. A † is the pseudo-inverse matrix of A. Therefore, using the l 1 -minimization the localization problem can be described as Equation (2.6) :
Where ε = T ε1, ε1 is acceptable margin of error.
3. The design of 60GHz pulse positioning algorithm based on CS
Analysis of the reconstruction algorithm
In this paper, we use l 1 -minimization to reconstruct the sparse vector. In order to apply the reconstruction algorithm better to 60GHz pulse precise indoor positioning system, this paper studies the performance of the reconstruction algorithm in the first place, mainly studies the influence of the signal length N, the number of observations M and the sparsity level of K to the reconstruction algorithm. The algorithm in this paper utilizes CS to achieve the localization of the target node based on fingerprinting. In the positioning process, the signal length N corresponds to the number of grid node, the number of observations M corresponds to the number of the reference station, the sparsity level of K corresponds to the number of target node, and the probability of the signal to be exactly reconstructed corresponds to the probability of accurate positioning.
(1) We assume that the signal length N = 125, the number of target node K = 1, 2, 4 and 6, respectively, the number of reference station M varies from 0 to 125 at a step of 5. Each set of parameters run 10000 times, then plot the statistical results of the 1000 repeated simulations in Fig. 1 . We find from the simulation results that the probability of the signal to be reconstructed accurately increases as M increases when K =1, and the number of the reference station M required increases as K increases when the signal is reconstruct accurately. (2) We assume that the length of the signal N varies from 0 to 2000 at a step of 100, the number of reference station M = 10, 20, 30, 40 and 50, respectively. Simulate and compare the reconstruction algorithm performance when the target node K = 1 and 3. Each set of parameters run 10000 times, then plot the statistical results of the 1000 repeated simulations in Fig. 2 . We observe from the simulation results that, when K is a constant, the number of the reference station M required increase as N increase when the signal is reconstruct accurately. Through the analysis of the reconstruction algorithm, the larger the area to be located and the finer of the meshing, the larger the number of grid node will be, and also the number of the reference station required. However, in the actual positioning process, it is unrealistic to set up too many reference stations in the located area due to the restriction of the environmental conditions and costs. To resolve this conflict, this paper divides the positioning process into coarse positioning and fine positioning, that is, complete the localization through twice reconstruction. During the second positioning process, it is likely to locate the target to the neighboring grid for the similarity of their measured data caused by part of reference stations are far away from the target node and the impact of measurement error. Thus, we present the reference station selection mechanism in fine positioning in order to get rid of some remote reference station. These measures will increase the positioning accuracy and reduce the computational complexity to a large extent.
Of course, when area to be located is changed or the positioning accuracy is altered, we can choose one time positioning or more times of iterative positioning according to the actual cases to meet the actual needs of the positioning accuracy. This paper mainly introduces the twice positioning process through single target positioning and multiple targets positioning.
The single target positioning using 60GHz pulse
The positioning process is divided to two phase: the offline stage and the online stage. The specific steps of the algorithm are as follows:
The offline stage
The preparations before positioning is done during the offline stage, primarily to establish over-complete dictionary Φ preparing for the online stage. It is divided into two steps:
(1) Divide the three-dimensional area to be located into grid node. Assume that, the three-dimensional area to be located is a L × L × L square area, where L is the side length of the square area. Firstly, the positioning computing center divided the three-dimensional area to be located into N 1 = N 1x × N 1y × N 1z large grid node. L1 is the side length of large grid. N 1x , N 1y , N 1z represent the number of the large grid node in the area to be located in x, y, z directions respectively. The position of the n1 -th large grid node can be expressed as:
where i, j, k represent the order of the n1-th large grid in x, y, z directions respectively. Secondly, the positioning computing center divided the large grid into N 2 = N 2x × N 2y × N 2z small grid node. L2 is the side length of small grid. N 2x , N 2y , N 2z represent the number of the small grid node in the large grid in x, y, z directions respectively. The position of the n2 -th small grid node can be expressed as:
where l, p, q represent the order of the n2 -th small grid in x, y, z directions respectively. We select M1 big grid randomly, put the reference station at the center of each selected grid, and determine the corresponding coordinate of each reference station. The fine of the meshing depends on the desired positioning accuracy. The higher of the positioning accuracy required, the finer of the meshing. However, with the finer of the meshing, more storage space and long positioning time are needed. In practice, we need to make a balance of the positioning accuracy, the complexity of locating and the positioning time according to the actual situation.
(2) Establish over-complete dictionary Φ. First of all, transmit the 60GHz pulse signals at the each large grid node, receive signal at the each reference station to obtain the propagation delay τ m1,n1 (where 1 ≤ m1 ≤ M 1, 1 ≤ n1 ≤ N 1), then calculate the actual distance d m1,n1 based on TOA between the m1 -th reference station and the n1 -th grid node on basis of d m1,n1 = c * τ m1,n1 . Thus, the actual measured distance between each reference station and each large grid node constitutes the distance feature vector
T . Establish an over-complete dictionary F in which D n1 is correspond with the location of the large grid node n1 as shown in Table 1 , where F n1 is a sub-over-complete dictionary established for the n1 -th large node in the same way as shown in Table 2 . F n1 is comprised of the position of each small grid(x n2 , y n2 , z n2 ), (where,1 ≤ n2 ≤ N 2) and the distance feature vectors
T concluding the distance between the n2 -th small grid node in the n1 -th large grid node and the each reference station. Establish a measurement matrix
for coarse positioning according to over-complete dictionary F and make an orthogonal operation to the measurement matrix. In the same way, establish a measurement matrix
for precise positioning according to sub-over-complete dictionary F n1 , but don't make any treatment. Store the measurement matrix Φ 1 and Φ n1 (1 ≤ n1 ≤ N 1) in the computing center for online positioning stage.
The online stage
Online positioning stage is divided into two process: coarse positioning process and fine positioning process. Fine positioning uses the selection mechanism of the reference station to complete the localization based on the result of the coarse positioning.
1. Coarse positioning process (1) Select the target node and establish the model of sparse localization In this paper, the target node can be selected in anywhere of the located area, instead of being limited to the center of the large grid. Select a target node randomly and set the actual position of the target node is (x, y, z). The center coordinates of the large grid in which the target node locate is (x n , y n , z n ). The index of the large grid is Nx. The position of the target node in the area to be located is described as a sparse vector 
After reconstructing the sparse vectorX 1 , we take last1 = max(X 1 ) as the result of the rough positioning. The index of the large grid in which the target located is last1. 2. Fine positioning process (1) Establish the reference station selection matrix S According to the large grid index last1 where the target node located determined in the coarse positioning process, identify the distance feature vector
T corresponding to last1 from the over-complete dictionary. Determine the number of reference station M2 (M2≤M1 ) required in the precise positioning process according to the number of small grid nodes. Create index set Q by choosing the corresponding index of the smallest M2 value in the distance feature vectorD last1 , and then establish a reference station selection matrix S ∈ M 2 × M 1 according to the Q. Each row of S is a 1 × M 1 vector in which the index of the reference station selected is set to 1, namely S m2 (m1) = 1, (where m2 represents the m2 -th row of the matrix S, m1 represents the m1 -th column of the matrix S ), and the other indexes are set to 0, that is:
( 3.4) (2) Construct the measurement matrix of fine positioning and positioning though the reconstruction algorithm Assume that the measurement matrix required in fine positioning process is Φ 2 , then Φ 2 = S × Φ last1 , and an orthogonal operation is made to the measurement matrix Φ 2 . The position of target node in the large grid is expressed by a sparse vector X 2 = [0, . . . , 0, 1, 0, . . . , 0]
T . The actual measured distance between the target node and the each selected reference station constitutes the measurement vector Y 2 = y 1 , y 2 , · · · , y M 2 . Then, the l 1 -minimization is used to complete the localization of the target node. The mathematical model of positioning can be described as Equation (3.5):
After reconstructing the sparse vectorX 2 , we take last2 = max(X 2 ) as the final positioning result of the target node. last2 is the index of the small grid node of the target node and the corresponding estimated value of the target node is (x,ŷ,ẑ).
(3) Assess the positioning performance In this paper, the mean square error is used to evaluate the performance of the positioning result, therefore, the positioning error can be expressed as:
The program flow chart of the single target positioning is shown in Fig. 3 . 
Multi-target positioning using 60GHz pulse
The common used positioning algorithms such as the geometric positioning algorithm and the fingerprinting positioning algorithm cannot locate multi-target at the same time. The indoor precise positioning algorithm using 60GHz pulse based on CS proposed in this paper can realize multi-target localization. The multi-target positioning process includes the offline stage and the online stage. The offline stage is identical with the single target positioning. Then, the different points from the single target positioning at the online stage is mainly introduced. The muli-target positioning program flow chart is shown in Fig. 4 . 
After reconstructing the sparse vectorX 1 , the corresponding index of the K maximum values ofX 1 are considered as the results of the target nodes in coarse positioning process.
2. Fine positioning process In the process of the multi-target positioning, the positioning computing center has to make a fine positioning for each target node depending on the results of the coarse positioning which is the same with the single target positioning process.
The results and analysis of simulation
In this part, simulations is conducted to verify the positioning performance of the indoor precise positioning algorithm using 60GHz pulse based on CS proposed in this paper in NLOS environment. MATLAB is used to perform all simulations. The area to be located is assumed as a 5m × 5m × 5m square region. The 60GHz pulse signal is used and PPM-TH modulation scheme is chosen. The typical 60GHz channel model IEEE802.15.3c is used and the channel model CM2 to simulate the living environment indoor in NLOS is selected. The signal to noise ratio SNR is set to 20dB. The specific simulation process is as follows:
The simulation of the 60GHz pulse waveform
The method of generating 60GHz pulse is divided into no-carrier pulse program and carrier pulse program. The carrier pulse program is a pulse design method that use the sine or cosine carriers whose center frequency in 60GHz to move the spectrum of the pulse-based baseband signal to 60GHz band. In this paper, the carrier pulse program is adopted and the triangular pulse is employed as baseband signal. Therefore, the pulse expression is shown as Equation (4.1):
Where T p = 0.32e −9 s is the duration of the pulse, and f c = 60.5e 9 Hz is the carrier frequency. The waveform in the time domain is shown in Fig. 5 after normalized. 
Single target positioning
Stimulate the process of single target positioning firstly. The simulation results are as follows:
Coarse positioning process
The side of the large grid is set to 0.5m. 30 reference stations are randomly selected and the target node is chosen at random with coordinate (4.5649, 2.9552, 2.9226). The index of the target node Nx = 560. The coarse positioning result is shown in Fig. 6 . The coarse positioning coordinate of the target node is (4.7500, 2.7500, 2.7500). The located index of the target node last1 = 560. The coarse positioning error ErrNx1 = 0.3258. As the simulation results shown, the coarse positioning can locate the large grid of the target node accurately. The side of the small grid is set to 0.1m. 15 reference stations are selected for fine positioning process according to the reference station selection mechanism. The fine positioning method is used to complete the positioning process and the fine positioning result is shown in Fig. 7 . The fine positioning coordinate of the target node is (4.5500, 2.9500, 2.9500). The fine positioning error ErrNx2 =0.0316. The amplification of the results of the two positioning process to large grid respectively is shown in Fig. 8 . After amplification, it can be seen that the error is very large after the coarse positioning process, but it is small after the fine positioning process. Thus, through twice positioning process the algorithm can achieve centimeter-level indoors positioning accuracy in NLOS. Table 3 shows the 10 times simulation statistical results of the positioning algorithm under the same conditions. The average error of the 10 times localization result is 0.0736m. Moreover, the positioning accuracy of seven times among them is less 0.1m. From the simulation results, it can be obtained that the localization algorithm proposed in this paper can realize centimeter-level indoor positioning accuracy in NLOS in high probability. 
The statistics and analysis of simulation results

The comparison of positioning performance
This article makes a comparison of the positioning performance between the 60GHz pulse indoor precise positioning algorithm based on CS and the geometric positioning algorithm based on TOA in which the coordinate of the target node is determined by using the least squares estimation (LSE). Each location algorithm runs 10000 times under the same conditions respectively. The statistical errors of the two localization algorithms are shown in Fig. 9 and Fig. 10 . As it can be seen from the statistical results that the error of the 60GHz pulse indoor precise positioning algorithm based on CS mainly focuses on the range of 0-0.15m, and more than 70 percent of it are concentrated in the scope less than 0.1m. In comparison, more than 80 percent of the error generated by the 60GHz pulse geometric positioning algorithm based on TOA is located in the range of 0.1-0.25m. Therefore, compared with the TOA based 60GHz pulse geometric positioning algorithm, the CS based 60GHz pulse indoor precise positioning algorithm can realizes the centimeter-level indoor positioning accuracy in NLOS with high probability. 
The fine positioning process of the multi-target
The side of the small grid is set to 0.1m, that mean N 2 =125. 15 reference stations are selected at random for fine positioning process according to the reference station selection mechanism. The fine positioning result is shown in Fig. 12 when the fine positioning method is used to complete the positioning process. The fine positioning coordinates of the target nodes are {(1.6500, 1.5500, 0.4500), (4.8500, 3.0500, 3.4500), (1.7500, 3.4500, 4.1500)}. The fine positioning errors ErrNx2 = [0.0711, 0.0938, 0.0562]. It can be seen from the simulation results that the fine positioning process can achieve centimeter-level indoors positioning accuracy using 60GHz pulse in NLOS environment. Table 4 shows 6 times simulations statistical results of the positioning algorithm under the same conditions. The average error of the 6 times localization result is 0.0869m. What's more, the positioning error of 13 targets is under 0.1m in 18 single targets positioning result. From the simulation results, it can be obtained that the localization algorithm proposed in this paper can locate several target at the same time and realizes centimeter-level indoor positioning accuracy in NLOS with high probability.
The analysis of error
Through a comprehensive analysis of the positioning algorithm in this paper, the reason resulting the positioning errors are mainly from the following aspects:
(1) The accuracy of the meshing play a decisive role in positioning accuracy and complexity. The finer of the meshing, the higher of the positioning accuracy, however, it will lead to the increase of the computational complexity at the same time. Therefore, in designing the accuracy of the grid we have to weigh both the positioning accuracy, the complexity and make a compromise.
(2) In this paper, the position of the target nodes are selected randomly, therefore, the target nodes can be located in anywhere of the located area. However, the positioning results can only be accurate to the center of a small grid. Thus, the positioning errors exist without a doubt and cannot be reduced to zero. 
